Characterizing protein-protein interactions in a biologically-relevant context is important for understanding the mechanisms of signal transduction. Most signal transduction systems are membrane-associated and consist of large, multi-protein complexes that undergo rapid reorganization, circumstances that present challenges to traditional structure determination methods. To study protein-protein interactions in biologically relevant, complex milieu, we employed a protein footprinting strategy based on isotope-coded affinity tag (ICAT) reagents. ICAT reagents are valuable tools for proteomics. Here, we show their utility in an alternative application-they are ideal for protein footprinting in complex backgrounds because the affinity tag moiety allows for enrichment of alkylated species prior to analysis. We employed a watersoluble ICAT reagent to monitor cysteine accessibility and thereby identify residues involved in two different protein-protein interactions in the Escherichia coli chemotaxis signaling system. The chemotaxis system is an archetypal transmembrane signaling pathway in which complex protein superstructure underlies sophisticated sensory performance. The formation of this superstructure depends upon the adaptor protein CheW, which mediates a functionally important bridging interaction between the transmembrane receptors and the histidine kinase. ICAT footprinting was used to map the surfaces of CheW that interact with the large, multi-domain histidine kinase CheA as well as the transmembrane chemoreceptor Tsr in native E. coli membranes. By leveraging the affinity tag, we successfully identified CheW surfaces responsible for CheA and Tsr interaction. The proximity of the CheA and Tsr binding sites on CheW suggests the formation of a composite Tsr-CheW surface for recruitment of the signaling kinase to the chemoreceptor complex.
Introduction
High resolution protein structures are appearing at unprecedented rates. As structures of the subunits of complex biological systems accumulate, interest in the higher-order organization of proteins in native environments is growing. The organization of proteins in supramolecular complexes, also called protein suprastructure, has emerged as a new frontier. Advances in traditional approaches for high resolution structure determination (e.g., multidimensional NMR and X-ray crystallography) are providing insight into suprastructure. Still, some systems--especially those involving membrane proteins--remain challenging. We sought to address this challenge by expanding the repertoire of tools for analyzing protein suprastructure. New methods are a prerequisite to understanding the organization, regulation, and function of higher-order protein assemblies.
In principle, protein footprinting strategies offer intriguing possibilities for analyzing suprastructure. Footprinting involves measuring the susceptibility of protein residues to chemical modification, a parameter that reports on residue chemical environment and solvent accessibility. Changes in the propensity of a residue to undergo modification under specific conditions can be mapped onto protein structures to define changes in protein conformation, folding, dynamics, and interactions. Several chemical modification strategies have been exploited. For example, hydrogen-deuterium exchange of peptide bond amide protons can reveal differences in the chemical environment of sections of the protein backbone. 1, 2 By the same principle, modifications to amino acid side chains (e.g., lysine or methionine) can be monitored to reveal residues protected by protein interactions. [3] [4] [5] [6] Similarly, the accessibility of protein regions can be evaluated by using limited proteolysis or radiolytic cleavage. [7] [8] [9] [10] [11] These footprinting methods are powerful when applied to simple single-protein questions (e.g., folding, conformational changes). Still, methods for exploring higher-order protein structure in complex milieu are needed.
Our interest in methods to extend the utility of protein footprinting grew out of a desire to illuminate protein-protein interactions within a multi-component signaling cascade. To this end, we focused on bacterial chemotaxis. The bacterial chemotaxis signaling system has emerged as a model of transmembrane signaling, information processing, and motility behavior. The functions and structures of most of the individual signaling proteins are well defined. The transmembrane chemoreceptors form the core of a two-component phosphorelay signaling system. 12, 13 The cytoplasmic signaling domains of the chemoreceptors associate with the adaptor protein CheW and the histidine kinase CheA. 14, 15 This ternary complex is organized further into a dense, interconnected signaling lattice that localizes to the cell poles. [16] [17] [18] Interestingly, recent investigations into the signaling performance of the chemotaxis system have revealed unexpected complexity in the higherorder organization of its components. [19] [20] [21] [22] [23] [24] These studies highlight the importance of supramolecular assemblies for coupling temporal changes in the extracellular chemical environment to swimming behavior. Despite a wealth of knowledge regarding signal transmission and propagation, the architecture and higher-order organization of this lattice remains a subject of active interest.
The chemotaxis system presents challenges to structural characterization common to all transmembrane signaling systems. The core signaling unit is a higher-order complex of large, multi-domain proteins associated with transmembrane receptors. To probe this complicated suprastructure requires a sensitive method that functions in a high background of protein and membranes alike. We postulated that a footprinting strategy could satisfy these requirements.
Cysteine residues are particularly effective targets for selective, residue-specific footprinting because they occur infrequently yet possess unique reactivity. [25] [26] [27] [28] [29] [30] Thiolates can undergo oxidation to disulfides, engage in disulfide exchange reactions, and readily attack electrophilic carbon centers. Cysteines engineered at sites of interest can be footprinted by measuring the rates of disulfide exchange or alkylation. Diverse strategies have been developed for effecting and monitoring Cys modification. 28, 29, [31] [32] [33] [34] To date most applications of Cys footprinting have focused on protein folding and protein-ligand interactions. 26, 28, 29, 32 We were intrigued by the possibility of probing Cys reactivity in complex environments with ICAT reagents.
ICAT reagents are stable isotope electrophilic mass tags. 35, 36 Cysteine alkylation rates can be measured by initiating a footprinting reaction with a "heavy" ( 13 C) ICAT reagent and counter-labeling with "light" ( 12 C) ICAT at a range of time points (Fig. 1) . The chemicallyidentical "light" and "heavy" ICAT-conjugates ionize with equal efficiency during mass spectrometry analysis. As a result, the signal intensities of the ICAT-conjugate pairs can be directly compared to yield quantitative measurements of the fractional labeling at each time point. A key feature of ICAT reagents is their affinity tag moiety, which can facilitate postlabeling enrichment of ICAT-conjugates. Sample enrichment removes non-labeled peptides that complicate mass spectrometry analysis. Carbohydrate-based affinity tags are ideally suited for ICAT footprinting probes because they are small, water-soluble, and can serve dual roles as both the mass label and affinity tag. 28, 33 The vicinal diols of the carbohydrate moiety can form reversible covalent bonds with a boronate affinity resin (Fig 1A) . Previously, we reported the design and synthesis of a toolkit of ICAT reagents suitable for diverse footprinting applications. 33 We reasoned that probing interface residues of proteinprotein interactions in a complex milieu would be accessible by leveraging the ICAT affinity tag functionality and the sensitivity of mass spectrometry. Thus, we envisioned that mapping the interactions of the chemotactic proteins would serve as a challenging test of the ICAT footprinting method.
We chose the adaptor protein CheW as our footprinting target because it mediates bridging interactions between the chemoreceptors and the histidine kinase CheA. CheW is essential to the structure and function of the chemotaxis signaling lattice, yet its role in signaling remains poorly understood. 14, 37 It is known that CheW interacts simultaneously with the Cterminal domain of CheA and the membrane-distal signaling domain of the chemoreceptors. 38, 39 In addition, CheW is necessary for the ligand-dependent chemoreceptor regulation of CheA kinase activity. [40] [41] [42] Still, the arrangement of the ternary complex remains unclear, 16, 21, 43, 44 as does the mechanism by which CheW mediates signal coupling. Delineating the two interaction surfaces of CheW may provide a rationale for why CheW is required for communication between CheA and the chemoreceptors.
The size, complexity, and membrane localization of the CheW interaction partners preclude the use of traditional footprinting approaches. Investigating the protein-protein interactions of a transmembrane protein, such as a chemoreceptor, presents special challenges. [45] [46] [47] [48] [49] The presence of the membranes themselves and the abundant protein background within them are major hurdles to analysis. As a result, characterizing the interactions of membrane proteins often requires problematic solubilization steps or reconstitution into artificial surfactant systems. Examining membrane proteins in their native membranes, however, preserves biologically-relevant membrane composition, protein topology, and structure. No structure mapping approaches amenable to these challenging conditions have been reported. We predicted that leveraging the ICAT affinity tag to enrich for our protein of interest would enable direct footprinting measurements in the high protein background of large interaction partners and protein-rich membranes.
Results
To map the two different interaction surfaces of CheW, we carried out footprinting experiments with CheW in the presence of either the kinase CheA or the transmembrane chemoreceptors. Experiments focused on the CheA-CheW interactions were designed to afford guidelines for mapping the interface of two soluble yet low affinity signaling complex components. The resulting data also provide the means to compare the regions of CheW that interact with CheA to those that interact with the chemoreceptors. Experiments focused on the chemoreceptor interactions with Tsr demonstrate the utility of ICAT footprinting for probing transmembrane protein interactions.
CheW Cys variants for footprinting
ICAT footprinting relies on Cys variants of the footprinting target. Methods have been developed for rapid generation of protein Cys variants for high-coverage footprinting screens. 28 Still, we employed a targeted footprinting strategy because existing genetic and structural information collected on CheW suggested residues that could provide insight. 21, 39, 50, 51 Nine CheW variants were engineered using site-directed mutagenesis to afford proteins with individual Cys substitutions at surface residues. The abilities of the CheW Cys variants to function in reconstituted signaling complexes were characterized prior to their evaluation by footprinting (see Supplemental Fig. 1 ). Seven variants were capable of forming functional signaling complexes. Two variants, I65C and N60C, resulted in assemblies that exhibit diminished signaling yet retain significantly higher activity than complexes lacking CheW.
Footprinting the CheW-CheA interaction
We predicted that ICAT footprinting would offer advantages for high resolution mapping of protein-protein interactions. ICAT pulse-chase labeling can be used to selectively measure Cys reactivity in the protein of interest, notwithstanding the presence of binding partners or other species in the sample. This feature is especially important when characterizing binding surfaces in signaling complexes, wherein interactions are often transient and affinities relatively weak. In theory, ICAT footprinting is also amenable to the characterization of large proteins without necessitating high sample purity. Indeed, ICAT footprinting can measure alkylation rates of multiple Cys residues concurrently, as LC-MS can be used to monitor simultaneously the ionization of multiple ICAT-conjugate ion pairs. 28, 33 We previously developed a toolkit of ICAT reagents that can be used to determine alkylation rate differences over a wide range of Cys residue solvent accessibilities. 33 By employing an ICAT reagent with a relatively slow intrinsic reaction rate, we could detect even a subtle decrease in the reactivity of a highly-solvent exposed Cys residue at the CheW-CheA binding interface. As a prelude to conducting ICAT footprinting on a complex mixture, we evaluated its capacity to map a full protein-protein interface.
We tested whether ICAT protein footprinting could overcome the difficulties of mapping the dynamic, reversible interaction between CheW and the full-length, multi-domain interaction partner CheA and therefore a high CheA concentration. By surveying a large number of CheW surface residues targeted at the putative interaction region, we sought to define the extent of the interaction surface between the two proteins. The weak interaction between CheW and CheA (K D ~ 17 μM) 52 presents challenges. Driving the equilibrium toward >50% complex formation necessitates a large (5-10 fold) molar excess of binding-partner. In addition, full-length CheA is a large protein (146 kDa dimer) with a complex, five-domain organization. These factors result in an extremely high protein background, with the targeted CheW Cys variants representing less than 1% (w/w) of the total protein in the footprinting sample. We predicted that affinity tag enrichment of the ICAT label would allow us to distinguish the CheW residues affected by CheA binding despite the high protein background. This enrichment step also provides the means toexamine several protein variants in a single reaction, thereby streamlining data collection.
To explore the CheA-binding surface of CheW, we footprinted our battery of CheW Cys variants in the presence of a functional CheA variant lacking its native cysteine (hereafter referred to as CheA*). Although our footprinting strategy is compatible with the presence of background Cys residues, the extra reactive thiol contributed by native CheA necessitated the use of a higher concentration of ICAT reagent. The use of CheA* avoids this complication. Functional assays in reconstituted signaling complexes confirmed that the Cys substitutions did not affect CheA* activity significantly (Supplemental Fig. 2 ).
Combinations of two to four Cys variants of CheW were pooled and incubated in equal volumes of either buffer or a molar excess (5-fold) of CheA*. Footprinting was initiated with 13 C-ICAT reagent. At various time points, reaction aliquots were withdrawn and quenched with dithiothreitol, which scavenges excess electrophile. Unmodified cysteine residues were exposed upon CheW denaturation with urea and counter-labeled with 12 C-ICAT reagent (Fig. 1) . Labeled samples were digested with trypsin; the modified peptide products were enriched on boronate resin, and the resulting products were analyzed by ESI-LC-MS. The fraction of Cys labeled with 13 C-ICAT at each time point was calculated from the relative signal intensities of the "light" and "heavy" peak envelopes derived from each ICAT-conjugated tryptic fragment.
The extent of alkylation by the 13 C-labled bromacetamide (Fig. 1A) is influenced by the environment of the thiolate. If the formation of a protein-protein complex buries a cysteine side chain, it will be protected from modification. This protection will be manifested at short reaction times; longer reaction times should allow for higher modification levels of buried residues because the alkylating agent can access the thiolate upon complex dissociation. Thus, the ratio of alkylated products (heavy versus light) changes over time and can be fit to a pseudo-first order decay model to determine the rate of alkylation of each residue in the presence and absence of CheA* (Supplemental Fig. 3 ). Cys residues for which alkylation rates did not significantly differ were interpreted to be either disruptive of binding or uninvolved in the CheA interaction. For some residues, CheA* causes a decrease in the rate of Cys alkylation, and this kind of protection was expected for residues buried by protein interaction. Interestingly, in one case, we detected an increase in the modification rate. We attributed all differences in the modification of specific CheW residues to their involvement in the interaction with CheA.
The rates of alkylation of four residues were unaffected by CheA* addition ( Fig. 2A) . Three of these Cys variants (Q37C, N50C, and R62C) also retain function in signaling complexes. These results indicate that the aforementioned residues do not participate in the interaction with CheA (Supplemental Fig. 1 ). The remaining residue, I65C, is insensitive to the presence of CheA*; however, Cys substitution at Ile-65 disrupts CheW activity in reconstituted signaling complexes (Supplemental Fig. 1 ). These data imply that Cys substitution at Ile-65 disrupts functional CheW-CheA interaction. The combination of footprinting and functional data provides the means to identify specific residues involved in complexation.
Of the residues that exhibit CheA*-induced changes in alkylation rate, four appeared less reactive, and one, more reactive ( Fig. 2A) . The presence of CheA* significantly reduces the rates of alkylation of residues T46C, T59C, and N60C (Fig. 2B) . CheA* also slows the rate of alkylation of I48C by over 25%, but the difference was only weakly significant. Interestingly, the rate of alkylation of the buried CheW residue T59C is significantly changed upon CheA* binding. This result suggests that the binding of a protein influences the accessibility and reactivity of both surface and buried residues. Moreover, this finding demonstrates that while Cys substitution at residues involved in the core of the proteinprotein interface (e.g., I65C) may be disruptive, the residues beneath the interface surface (e.g., T59C) can be used to diagnose interactions. In principle, changes in Cys reactivity can be caused by either protein interactions or conformational changes. Accordingly, integrating footprinting results from multiple reporter residues facilitates interpretation of changes in reactivity. In our experiments, the clustered pattern of CheA*-sensitive residues points to an interaction surface rather than conformational change. Interestingly, the functionally important residue Ile-65 occupies the center of this cluster.
We anticipated that protein-protein interactions would bury surface area and thereby elicit a decrease in the rate of reaction of Cys residues at the interface. The residue V64C is notable, however, as its alkylation rate increased in the presence of CheA*. It perhaps is not immediately apparent that protein binding might result in such an increase, but there are two scenarios in which such a change should occur. First, the rate increase may correspond to an increase in solvent accessibility due to a conformational change in the CheW-CheA complex. Second, CheA*-binding may change the local chemical environment around V64C, increasing the nucleophilicity of the thiol. 53 In either case, a change in alkylation rate indicates that the residue V64C contributes to the interaction of CheW with CheA.
Footprinting the CheW-Tsr interaction in native E. coli membranes
With footprinting data on the CheW-CheA complex, we sought to localize the region of CheW that binds to the chemoreceptors. The chemoreceptor is the core of the transmembrane signaling complex, responsible for binding extracellular ligand and communicating ligand-occupancy to its associated histidine kinase. E. coli produce a complement of five chemoreceptors that form mixed signaling teams in vivo 54 . We chose the serine receptor Tsr as the object of our study because it engages in highly cooperative signaling in reconstituted in vitro systems, paralleling the strong inter-receptor communication measured in vivo. 24, 55 To preserve biologically-relevant receptor topology and membrane orientation, we isolated E. coli membranes from a strain over-producing Tsr. There are two important considerations in generating functional signaling complexes. First, the presence extremely high levels of chemoreceptor can be problematic, as chemoreceptors can cluster to form non-functional complexes. 57 The relative ratio of signaling components is another important factor. 14, 56 We therefore optimized our reconstitutions to ensure they afforded biologically-relevant function. When CheA and CheW were added to the membrane preparations generate ternary complexes, the resulting assemblies exhibited biologically-relevant activation of CheA kinase activity (Supplemental Fig. 1A) . Moreover, dose-dependent kinase responses to the Tsr ligand serine (Supplemental Fig. 1B) were observed. Relative ratios of the three signaling components were optimized to maximize kinase activity and the cooperativity of serine response (data not shown). In this way, reconstituted systems were obtained in which a productive Tsr-CheW interaction is preserved in E. coli membranes.
To date, no high resolution structural data are available to direct our choice of residues to footprint, but mutagenesis studies have implicated some CheW residues in chemoreceptor coupling. 39, 50, 58 Interestingly, several of the residues identified by genetic screening cluster near the CheW surface involved in the CheA interaction, as defined by our footprinting and other studies. 21, 50, 58 Nevertheless, the extent of this putative CheW-Tsr interaction surface is ambiguous, and the boundaries between the site of CheA interaction and Tsr-interaction have not been elucidated. We generated several CheW variants with Cys engineered in the vicinity of the surfaces implicated in CheW signaling function and subjected these proteins to footprinting in the presence of the chemoreceptor Tsr. We also included a variant (I65C) that reports on a core residue within the CheW-CheA interaction surface. Because Ile-65 is at the center of the CheA-CheW interaction, it is unlikely to be involved in the TsrCheW interface. Importantly, the selected CheW variants afford complexes that retain signaling activity as assessed by the kinase activation assay (Supplemental Fig. 1A ).
The level of modified CheW peptide is low in the CheA-CheW footprinting experiment; consequently, the extremely high protein background contributed by the reconstituted signaling complex within the E. coli membranes renders the Cys modification difficult to detect (Fig. 3A) . We therefore wanted to ensure that we were monitoring CheW fully incorporated into complexes. To this end, we tested for specificity of the CheW-Tsr interaction by assessing whether CheW interactions with E. coli membranes depend on the presence of the chemoreceptor. In the absence of Tsr, the association of CheW with the membranes was undetectable, but when Tsr is present CheW is incorporated into complexes (Supplemental Fig. 4) . These results indicate that the interaction of CheW with Tsr in E. coli membranes is specific.
The CheW Cys variants were subjected to footprinting in the presence and absence of Tsrcontaining native membranes. Even in this complex system, protocols similar to those described for the CheW-CheA experiments were successful. Of the three CheW residues selected, two (Q37C and R62C) had significantly slower alkylation rates (Fig. 3B,C) . As predicted, the residue (I65C) that maps to the center of the CheW-CheA interface did not show significant changes in its rate of alkylation in the presence and absence of Tsr. Two residues that were affected, Q37C and R62C, cluster closely together when mapped to the high-resolution structure of CheW. These results identify a contiguous patch of CheW as a Tsr-binding interface (Fig. 3D) .
Discussion
ICAT reagents are proteomics tools that can surmount the challenges of identifying and quantifying low-abundance proteins in complex biological samples. 36, 59, 60 The ICAT affinity tag moiety allows for selective enrichment of labeled peptides from the vast proteome background. The stable isotope tags enable high precision, sensitive quantitation of relative abundances with mass spectrometry. We have leveraged these two ICAT features to footprint protein-protein interactions in chemotaxis signaling complexes. The enrichment of ICAT-labeled peptides on boronate resin enabled the identification of ICAT alkylation products in the presence of complex footprinting samples, including those composed of protein-rich E. coli inner membranes (native membranes). Moreover, encoding alkylation states with isotope labels enables the reproducible detection of subtle differences in residue environments that arise from transient protein-protein interactions.
In principal, the application of ICAT reagents to protein footprinting opens up investigations of protein function in extremely complex biological systems. With affinity tag enrichment, sample complexity not a limiting factor in designing a footprinting study. The primary factor in the design of an ICAT footprinting study is the incorporation and distribution of Cys reporter residues. We introduced Cys residues individually to probe targeted regions of the CheW surface. Engineering each Cys variant is practical for focused studies and enables secondary assays to assess the functional effects of each cysteine variant. Cysteine translational misincorporation can be employed for higher coverage footprinting screens. 28, 32 This approach trades control over reporter residue placement for rapid generation of mixed populations of cysteine variants. The use of alkylating reagents for footprinting introduces a second point of control. Changes in the accessibility of deeply buried residues can be probed with rapidly reacting (highly electrophilic) alkylating reagents. Conversely, the accessibility of solvent-exposed residues can be assessed with reagents with low reactivity, as those reagents more readily distinguish between subtle differences in alkylation rate. The reactivity of ICAT reagents can be tuned to suit the application. 33 An advantage of changing the electrophilicity of the ICAT reagent provides the means to probe cysteine residues in different environments without dramatically changing conditions (i.e., pH).
Mapping footprinting results to structures
ICAT protein footprinting proved effective for mapping the two interaction surfaces of the chemotaxis adaptor protein CheW. The results of the footprinting studies reveal seven residues that exhibit substantial changes (>25%) in alkylation rate in the presence of either CheA* or Tsr (Fig. 4A) . When mapped to the high-resolution structure of E. coli CheW, the residues implicated in Tsr and CheA interaction localize to two distinct patches (Fig. 4B) . 61 Interestingly, these patches are proximal. The nearly contiguous binding surfaces imply that CheW can mediate or reinforce direct contacts between CheA and Tsr.
Contrasting protein footprinting with loss-of-function screening
Genetic screens for loss-of-function mutations are now classic approaches for identifying functionally important protein residues. Typically, the protein of interest is subjected to random mutagenesis, and the pool of protein variants is screened to identify residue changes that disrupt function. Several strategies for screening functional perturbations have been developed specifically for mapping protein-protein interactions. Alanine scanning mutagenesis allows for analysis of the binding energy contributions of individual sidechains by systematically substituting interface residues with alanine. 62, 63 The related PICM (protein-interactions-by-cysteine-modification) and SCAM (substituted-cysteine accessibility method) strategies involve engineering Cys substitutions throughout a protein of interest and assessing the functional consequences of alkylation with bulky, perturbing substituents. 34, 42, [64] [65] [66] Functional perturbation approaches hinge on the interpretation of the disruptive residue changes to identify protein regions involved in interactions. Still, interpreting the functional changes can be difficult. Remote residues can have long-distance consequences on folding and conformation that affect protein docking interfaces. Moreover, some residues buried by protein-protein interaction can be insensitive to perturbation.
Functional perturbation mapping is a valuable complement to protein footprinting, but protein footprinting can identify residues (Fig. 4B ) that the former method does not (Fig.  4C) . 50, 58 The CheA-interaction surface revealed by protein footprinting extends further than that deduced from functional perturbation screens. Although the functional perturbation screen successfully identified the core CheW resides responsible for interaction with CheA, residues at the periphery of the interaction interface were not detected, apparently because they tolerate variation. The success of the protein footprinting approach in uncovering a role for these peripheral residues in the CheW-CheA interface can be attributed to its ability to probe for subtle changes in the environment of a residue. The method is effective even when residue substitution preserves functional interactions. The residues identified by functional perturbation screening also may include false-positives, as amino acid substitutions that destabilize the protein can affect remote interactions. Protein footprinting, however, is not prone to misidentification of interaction surface residues. Only cysteine substitutions that preserve function will exhibit changes in accessibility in the presence of binding partner.
The sensitivity of ICAT footprinting to peripheral interaction residues proved useful for probing the proximity of the CheW docking sites for CheA and Tsr. Functional perturbation screens identified spatially distinct clusters of CheW residue variants that disrupt interactions with either CheA or chemoreceptors (Fig. 4C) . We examined CheW residues between these regions previously implicated in CheA or Tsr binding. ICAT footprinting implicates CheW residues Gln-37 and Arg-62 in the interaction with Tsr (Fig. 4B,C) . 50, 58 Interestingly, one of the two residues (Arg-62) was also identified by functional perturbation screens for disruptive mutations. The CheW variant R62H exhibits minor decreases in affinity for both CheA and Tsr yet entirely disrupts signaling in vivo. 50 Taken together, our footprinting results and the R62H perturbation suggest a key role for this residue in ternary complex activation. These results are reinforced by those of a genetic suppression screen 39 . CheW mutations that rescue signaling defects observed with Tsr mutants map to a broad, discontinuous surface, yet many of these residue changes cluster around those identified by our footprinting studies and the functional perturbation studies.
Comparisons with a homologous co-structure
Although the structure of the complex of CheA with CheW from E. coli has not been determined, that of the corresponding hyperthermophile Thermotoga maritima proteins has been solved. 21 We compared our footprinting study of the E. coli CheW-CheA interaction with the T. maritima co-structure to ascertain whether the interaction surfaces are conserved (Fig. 6) 67 . CheW residues that manifested alkylation rate changes in the presence of CheA or Tsr were mapped to the corresponding residues of the T. maritima CheW in the structure of the complex. The results matched extremely well. The E. coli CheW residues that were found to undergo CheA-induced alkylation rate changes mapped directly to the CheWCheA interface. The parallels between the T. maritima co-structure and our E. coli footprinting results demonstrate highly conserved interaction sites in the signaling components of these distantly related organisms. Electron cryotomography experiments have revealed a conservation of higher order signaling complex assembly, 19 and our experiments indicate that the conservation extends to protein-protein interactions within the signaling complexes.
The residues implicated in CheW interaction with Tsr group to an exposed CheW surface abutting the CheA interface. The proximity of the Tsr interaction surface of CheW with CheA suggests the formation of a contiguous surface for chemoreceptor docking that spans both CheA and CheW. A cooperative interaction between the three core signaling components is consistent with the role of CheW as a bridging component that augments the intrinsically weak interactions between CheA and Tsr (Supplemental Fig. 2A,B) . 14 In addition to its role as an adaptor molecule, CheW may serve a direct role in signaling propagation. The mechanism by which the chemoreceptor signaling state is communicated to CheA is largely unknown. The contiguous CheW interaction surfaces revealed by our footprinting suggest that the conformational changes controlling kinase activity may involve coordinated rearrangements around this point of ternary contact.
Our explorations of the CheW bridging interactions in the chemotaxis system highlight the utility of ICAT reagents as robust tools for footprinting proteins in complex native environments. We therefore anticipate that ICAT footprinting will be a valuable method for determining protein-protein interaction surfaces in transmembrane signaling systems. Dynamic, transient complexes of protein components are hallmarks of signaling and regulation, and protein footprinting provides the means to probe the architecture of these complexes, even in a complex, biologically-relevant environment.
Materials and Methods

Footprinting Methods
E. coli chemotaxis proteins CheW, CheA variants were produced and purified to >85% homogeneity. Tsr (E. coli) was over-produced and prepared in bacterial membranes. All proteins were dialyzed in a buffer composed of 50 mM Tris pH 8.0, 50 mM KCl, 5 mM MgCl 2 , 0.5 mM tris(2-carboxyethyl)phosphine (TCEP). Master reaction mixes were prepared by combining Cys-variant target proteins (0.5 nmol each) with or without binding partner proteins (3.5 to 10-fold molar excess over total CheW) and equilibrating at room temperature (26 °C) for 45 min. Multiple Cys-variants were included in one master reaction whenever expected product masses were predicted to be non-overlapping. Footprinting time courses (8 time points, through 300 min) were initiated by adding the 13 C-ICAT reagent to a 400 -500-fold molar excess over protein thiols. At each time point, aliquots of the master footprinting reaction were withdrawn, and remaining 13 C-ICAT was quenched by addition of excess of DTT. To remove DTT and quenched 13 C-ICAT, protein was precipitated by adding 400 μL of 0.05% sodium deoxycholate followed by TCA to a final concentration of 10% (w/v). Precipitated protein was pelleted by centrifugation and washed twice with acetone. Protein pellets were dried briefly by vacuum centrifugation and resuspended in 5 M urea (30 μL). 12 C-ICAT was added to a final concentration of 10 mM and incubated for 10 min. Note, to improve the resuspension of protein precipitate, footprinting reactions with extremely high protein content (e.g., bacterial membranes) were divided into two or more tubes before TCA precipitation, to be recombined after 12 C-ICAT labeling. Prior to protease digestion, the urea concentration in the samples was diluted to <0.5 M by adding 50 mM Tris pH 7.5, 1 mM CaCl 2 to each footprinting sample. The samples were treated with 1 μg sequencing-grade modified trypsin (Promega) for 14 h. at 26 °C to generate proteolytic fragments for analysis.
ICAT-labeled peptides were purified on Affi-Gel boronate resin (Bio-Rad Laboratories). Each footprinting time point sample was incubated with 50 mg boronate resin, pre-swelled in 5 mL boronate buffer (50 mM HEPES pH 9, 500 mM NaF, 10% acetonitrile). The resin was washed 6-7 times with 5 mL boronate buffer by connecting chromatography columns to a vacuum manifold. ICAT-labeled peptides were eluted by incubating the resin samples with 2× 500 μL elution buffer (20 mM Tris pH 8, 200 mM sorbitol, 10% acetonitrile), followed by 500 μL MilliQ water. Eluates were concentrated by vacuum centrifugation. Samples were desalted for mass spectrometry using C18-Carbon TopTips (Glygen Corp.) according to manufacturer's instructions.
Footprinting time point samples were injected onto a Shimadzu LC-MS containing a C18 column (Supelco Discovery, 2.1 × 150 mm) equilibrated with 0.2% formic acid. ICATlabeled peptides were separated over a 15 min. linear gradient of acetonitrile and 0.2% (v/v) formic acid (5-95%), while positive-ion mass spectra were collected for masses between 400 and 1,000 amu. Cys residues were identified from their predicted tryptic digest mass plus the mass of the ICAT label (ExPASy PeptideMass, http://www.expasy.ch/tools/peptide-mass.html). 68 The fraction of each Cys residues of each timepoint labeled with 12 C-ICAT was calculated as the ratio of the integrated peaks of the 12 C-labeled mass envelope over the total 12 C/ 13 C mass envelope [ 12 C/( 12 C+ 13 C)]. These data were plotted versus time and fit to a pseudo-first order decay equation to derive rate constants. Statistical significance was calculated using a two-tailed, unpaired Student's t-test.
Additional Methods
Detailed protocols for site-directed mutagenesis, protein production, and functional assays reconstituted chemotaxis signaling complexes containing CheW variants are available in Supplemental Information.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Overview of Cys footprinting using ICAT reagents and mass spectrometry. A, Structure of bromoacetamide ICAT reagents. Dots represent 12 C for light or 13 C for heavy reagents. B, Cysteine alkylation rates can be determined by pulse-chase labeling with ICAT isotope pairs in the complex milieu of a transmembrane protein preparation. Multiple pooled Cys variants of the protein of interest (green, orange ovals) and labeled with 13 C-ICAT for time tAlk, and then excess ICAT is quenched. Proteins are denatured and remaining free thiol is counterlabeled with a light 12 C ICAT. After labeling, samples are digested with trypsin, modified peptides are enriched on boronate affinity resin, and the resulting mixtures analyzed by mass spectrometry. Each reporter Cys is identified by their predicted tryptic peptide mass (green, orange). Relative abundance of the heavy and light labels at various tAlk define the alkylation rate profiles. Footprinting the CheW-CheA interaction surface. A, CheW Cys variants were footprinted in the presence (black bars) and absence (white bars) of CheA*. Alkylation rates were determined from footprinting curves fit to a first order exponential decay. Error bars represent the standard deviation of the rates determined from three independent footprinting timecourses. Double asterisks denote p<0.002. B, Changes in Cys alkylation rates induced by CheA* are reported as the percentage of the ratio of the CheA-bound and free CheW rates. C, Footprinting results were mapped to the structure of E. coli CheW (PDB: 2HO9). Changes in alkylation rate induced by the presence of CheA* were classified as either unchanged (less than 25% difference, gray), decreased (red), or increased (blue). I65C, which disrupts active complex formation, is colored brown. Footprinting the CheW-Tsr interaction surface in native membranes. A, Native membranes contribute considerable background, as evidenced by the photograph of a Tsr-containing membrane preparation. SDS-PAGE analysis of a typical footprinting reaction reveals that the footprinting target is a minor component in the reaction mixture. Expected molecular weights of CheW and Tsr are 18.1 kDa and 59.4 kDa, respectively. B, CheW Cys variants were subjected to footprinting in the presence (dark gray bars) and absence (white bars) of Tsr-containing native membranes. Alkylation rates were determined from footprinting curves fit to a first order exponential decay. Error bars represent the standard deviation of the rates determined from three independent footprinting time courses. Double asterisks denote p<0.002, single asterisk, p<0.02 C, Changes in Cys alkylation rates induced by Tsr membranes are reported as the percent difference of the Tsr-bound rate normalized to the rate of CheW alone. D, Footprinting results were mapped to the structure of E. coli CheW. Changes in alkylation rate induced by the presence of Tsr were classified as either unchanged (less than 25% difference, gray) or decreased (red).
